We investigated the effects of exogenous glucagon-like peptide-2 (GLP-2) on mucosal atrophy and intestinal antioxidant capacity in a mouse model of total parenteral nutrition (TPN). Male mice (6-8 weeks old) were divided into three groups (n = 8 for each group): a control group fed a standard laboratory chow diet, and experimental TPN (received standard TPN solution) and TPN + GLP-2 groups (received TPN supplemented with 60 µg/day of GLP-2 for 5 days). Mice in the TPN group had lower body weight and reduced intestinal length, villus height, and crypt depth compared to the control group (all p < 0.05). GLP-2 supplementation increased all parameters compared to TPN only (all p < 0.05). Intestinal total superoxide dismutase activity and reduced-glutathione level in the TPN + GLP-2 group were also higher relative to the TPN group (all p < 0.05). GLP-2 administration significantly upregulated proliferating cell nuclear antigen expression and increased glucose-regulated protein (GRP78) abundance. Compared with the control and TPN + GLP-2 groups, intestinal cleaved caspase-3 was increased in the TPN group (all p < 0.05). This study shows GLP-2 reduces TPN-associated intestinal atrophy and improves tissue antioxidant capacity. This effect may be dependent on enhanced epithelial cell proliferation, reduced apoptosis, and upregulated GRP78 expression.
Introduction
Total parenteral nutrition (TPN) is a critical therapeutic modality for patients with impaired gut function, such as patients with short bowel syndrome, severe inflammatory bowel disease, or chronic idiopathic intestinal pseudo-obstruction [1] [2] [3] . According to the Mayo Health System report in 2006, there were more than 1000 infants requiring TPN every year [4] . In recent years, almost 400,000 patients per year in the United States were dependent on TPN or intravenous feeding care for survival [5] . Despite its clinical importance, long-term TPN can lead to reduced epithelial cell (EC) proliferation, increased EC apoptosis and mucosal atrophy [6, 7] , all of which may contribute to an associated increase in risk of infectious complications [8, 9] . Additionally, TPN-associated intestinal hypoplasia and epithelial cell injury were strongly linked to gut barrier dysfunction [10] and increased bacterial translocation [11] . However, the potential mechanisms contributing to TPN-associated intestinal atrophy and epithelial cell injury remain poorly understood. It has recently been shown that intestinal (0.305 mm inner diameter, 0.635 mm outer diameter; Helix Medical Inc., Carpentaria, CA, USA) in the jugular vein, and adapted to their diet treatment within 24 h post surgery, as reported previously [33] . Meanwhile, all mice received 0.9% saline through the catheters for 48 h during surgical recovery. After two days, mice in the TPN and TPN + GLP-2 treated groups received optional water and featured fluid intake of TPN at 4.4 mL/day on the first day, 7.7 mL/day on the secondly day, and 11 mL/day for the final three days of the experimental period [33] . The mice in the control group were infused intravenously with 0.9% saline via the jugular vein, and had free access to standard laboratory chow and water. The GLP-2 was dissolved in sterile phosphate buffered saline (PBS), and mice were injected via the rubber catheter twice daily for five days with 30 µg of GLP-2 (a total of 100 µL solutions). Controls were injected with the vehicle (100 µL PBS). The TPN solution consisted of 5.3% free amino acids, 32% dextrose, and multivitamins and electrolytes (a total of 1280kcal/L with a non-protein calories/nitrogen rate of 149:1) [33] . The weight of each of the mice in all groups was measured daily using an electronic balance at the beginning of experiment (initial) and on day 7 (final) (two days for surgical recovery plus five days for the experimental period). After five days of feeding each group (i.e., seven days catheterization), mice were weighed and terminally anesthetized as described above, and whole small intestines were removed. The lengths of the small intestines were measured. When measuring the length, two segments of the small intestine, approximately 0.5 cm in length, were used for morphological analysis, and the remaining tissue was split into small sections of approximately 0.5-1.0 cm and subjected to molecular analysis. All tissues were stored at´80˝C, except the tissues used in the morphological analysis that were soaked in 4% paraformaldehyde and stained at 4˝C.
Morphology

Light Microscopy
Segments of small intestine of approximately 0.5 cm in length, taken from approximately 2 cm from the end of ileum were opened along the mesenteric border and fixed in 10% neutral buffered formalin. After dehydration and wax embedding, these tissue samples were stained with hematoxylin and eosin (H & E), following standard protocols. Villus length and crypt depth of the mice in three groups (n = 8 mice per group) were measured in the coded sections (10 intact villus-crypt units per section, and at least two sections were calculated to give an average for each mouse) using a calibrated eyepiece by an investigator blinded to the sample identities. Data were analyzed with a computer-supported image analysis system (NIS-Elements AR 3.0 software; Nikon, Melville, NY, USA).
Electron Microscopy
Another segment of small intestine of approximately 0.5 cm in length from each sample was collected and fixed with 2% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer for 2 h. It was subsequently transferred to sodium cacodylate buffer and stored at 4˝C overnight. These tissues were subsequently processed for electron microscopy. NIS-Elements AR 3.0 software (Nikon, Melville, NY, USA) was used to analyze the coded photomicrographs per group (n = 6 mice per group) and measure microvillus length by an investigator blinded to the sample identity.
Intestinal Tissue Total Superoxide Dismutase (T-SOD) Activity Measurement
Intestinal tissue samples from all mice from each group were collected and immediately placed into an ice-cold RIPA lysis buffer (25 mmol/L Tris-HCl pH 7.6, 150 mmol/L NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate containing 1 mmol/L PMSF, and 1% protease inhibitor cocktail). The samples were subsequently homogenized, and the homogenate was then centrifuged at 3500 rpm/min for 10 min. The Total Superoxide Dismutase Detection Kit (A001-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to analyze the T-SOD activity, using the xanthine oxidase method based on the production of O 2´a nions. The generation of nicotinamide adenine dinucleotide phosphate was assayed spectrophotometrically by measuring absorbance at 340 nm, and T-SOD activity was expressed as units per milligrams of protein (U/mg protein).
Intestinal Tissue Reduced-Glutathione (GSH) Measurement
Intestinal tissues were homogenized on ice with standard saline solution, then the homogenate was centrifuged for 10 min at 3500 rpm/min. Supernatants were transferred into fresh tubes for evaluation. The GSH levels were assessed by the Chemical Assay Kit (A006-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The assay was performed according to the manufacturer's instructions, and the sample absorbance was read at 420 nm using a spectrophotometer. GSH levels were expressed as milligrams GSH per grams of protein (mgGSH/g protein).
Western Blot Analysis
Total concentration of proteins of small intestine tissue were determined using the BCA protein assay kit (Sangon Biotech Co., Shanghai, China), there was an equal protein concentration of 2.5 µg/µL in each sample. Equal quantities of total protein (60 µg) were electrophoresed in 10% SDS-polyacrylamide gel. The separated proteins were transferred onto a polyvinylidene fluoride membrane (Millipore Co, Billerica, MA, USA). The membranes were blocked for non-specific binding proteins in 5% non-fat milk for 1 h at room temperature and then incubated overnight at 4˝C with mouse anti-PCNA antibody (1:5000; Abcam, Cambridge, UK), goat anti-GRP78 antibody (1:1000; Santa Cruz Biotechnology, Beverly, MA, USA), rabbit anti-cleaved caspase-3 antibody (1:1000; Cell Signaling Technology, Beverly, MA, USA) and mouse anti-GAPDH antibody (1:10,000, Santa Cruz Biotechnology, Beverly, MA, USA). Subsequently, the membranes were washed three times in Tris-buffered saline with Tween-20 (9005-64-5; BBI Life Sciences Corporation, Shanghai, China) and incubated with an appropriate species-specific secondary antibody (1:10,000; Cell Signaling Technology, Beverly, MA, USA) at room temperature for 1 h. Blots were developed using chemiluminescence detection reagents and exposed to a Kodak XAR film (Eastman Kodak, New Jersey, MN, USA). All band densities were analyzed with ImageJ software, using GAPDH bands as an internal control. The results were reported in the form of density ratio of the target protein to GAPDH.
Real-Time Fluorescent Quantitative Polymerase Chain Reaction Analysis (Real Time Q-PCR)
The expression of small intestinal PCNA and GRP78 genes was measured using real time Q-PCR. Total RNA was extracted from intestines using the PrimeScript RT reagent Kit with cDNA (TaKaRa, MN, Japan) according to manufacturer's protocol. The primers for the PCNA and GRP78 genes were as follows: (1) PCNA-Forward: 5 1 -TTTGAGGCACGCCTGATCC-3 1 , PCNA-Reverse:
Reaction system: 0.2 µL Rox, 5 µL SYBR solution, 0.2 µL upstream primer, 0.2 µL downstream primer and 4.4 µL cDNA. The amplification was performed using Real-time PCR system (StepOne Plus, Applied Biosystems, Waltham, MA, USA). The following time and temperature profile was used for 40 cycles: 95˝C for 30 s, 95˝C for 5 s, 65˝C for 31 s. The mRNA levels of intestinal tissue PCNA and GRP78 were measured using the 2-∆∆Ct method.
Statistical Analysis
Data were expressed as mean˘standard deviation (mean˘SD) and analyzed with SPSS 17.0 software (SPPS Inc. Chicago, IL, USA). The comparison of mean variability among all groups was performed by one-way ANOVA followed by the Fisher's least significant difference post hoc analysis. If there were heterogeneous variances, the Dunnet's T3 test was used. Results were considered statistically significant when the p value was less than 0.05. 
Results
Body Weight
The mice in the three groups weighed a similar average of 33.6˘1.2 g at the beginning of the study. Neither body weight nor weight gain of mice was affected by TPN and GLP-2. Body weight was low in all mice in the TPN group throughout the study. On day 3, compared with the control group, body weight was lower in the TPN group (p = 0.002) and in the TPN + GLP-2 group (p > 0.05, Figure 1A ). On day 6, mice in the TPN + GLP-2 group had a higher body weight compared to those in the TPN group. On day 6, mean body weight changes were´0.7 g for the control group,´6.4 g for TPN group, and´4.1 g for the TPN + GLP-2 group, respectively. The significant differences between the three groups were observed (all p < 0.05). On day 7, compared with day 1, weight of mice was significantly higher in the TPN + GLP-2 group than in the TPN group (p = 0.018). If there were heterogeneous variances, the Dunnet's T3 test was used. Results were considered statistically significant when the p value was less than 0.05.
Results
Body Weight
The mice in the three groups weighed a similar average of 33.6 ± 1.2 g at the beginning of the study. Neither body weight nor weight gain of mice was affected by TPN and GLP-2. Body weight was low in all mice in the TPN group throughout the study. On day 3, compared with the control group, body weight was lower in the TPN group (p = 0.002) and in the TPN + GLP-2 group (p > 0.05, Figure 1A ). On day 6, mice in the TPN + GLP-2 group had a higher body weight compared to those in the TPN group. On day 6, mean body weight changes were −0.7 g for the control group, −6.4 g for TPN group, and −4.1 g for the TPN + GLP-2 group, respectively. The significant differences between the three groups were observed (all p < 0.05). On day 7, compared with day 1, weight of mice was significantly higher in the TPN + GLP-2 group than in the TPN group (p = 0.018). 
Small Intestinal Length and Morphology
Histological assessment of the small intestine samples revealed that there was severe blunting of the villi in the TPN group. By day 7, the intestinal length in the TPN group was shorter than that in the control group (33.8 + 1.3 cm vs. 41.4 + 1.8 cm, p < 0.001) and in the TPN + GLP-2 group (33.8 + 1.3 cm vs. 37.8 + 1.9 cm, p = 0.003) (Figure 2 ). However, there was no significant difference in colon lengths between the three groups (all p > 0.05) (Figure 2 ). Morphometric analysis of the small intestine showed that the villus length and crypt depth were significantly lower in the TPN group compared with the control group (all p < 0.05). However, the GLP-2 treatment markedly improved this effect (all p < 0.05, Figure 3 ). Electron microscopy demonstrated that microvilli were longer for the TPN + GLP-2 group than for the TPN group (p = 0.001, Figure 4 ). TPN treatment changed the shape of the microvilli causing them to become shorter and less orderly, however, GLP-2 reversed this effect by altering the enterocyte morphology. 
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Changes in Intestinal Tissue T-SOD and GSH Levels
The TPN group showed oxidative damage in the intestinal tissue, as indicated by decreased T-SOD activity and GSH levels. As shown in Figure 5A , T-SOD activities were significantly decreased in the TPN group compared to the control group (p < 0.001), and this decrease in expression was partially prevented by the addition of GLP-2 to the TPN solution (p = 0.042). In accord with our initial hypothesis, GSH was decreased in intestinal tissue in the TPN group and increased in the TPN + GLP-2 group (all p < 0.001), whereas the control group showed normal 
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Figure 4. Representative photomicrographs of intestinal microvillus from the TPN group (A); TPN + GLP-2 group (B)
; and control group (C) (photomicrographs; original magnifications, ×20,000; bar = 1 µ m). (D) Effect of GLP-2 treatment for five days on microvillus length (mean ± SD), * p < 0.05 vs. TPN + GLP-2 and control.
Changes in Intestinal Tissue T-SOD and GSH Levels
The TPN group showed oxidative damage in the intestinal tissue, as indicated by decreased T-SOD activity and GSH levels. As shown in Figure 5A , T-SOD activities were significantly decreased in the TPN group compared to the control group (p < 0.001), and this decrease in expression was partially prevented by the addition of GLP-2 to the TPN solution (p = 0.042). In accord with our initial hypothesis, GSH was decreased in intestinal tissue in the TPN group and increased in the TPN + GLP-2 group (all p < 0.001), whereas the control group showed normal intestinal tissue GSH level ( Figure 5B ). 
Western Blot Analysis for PCNA, Cleaved Caspase-3 and GRP78 Protein
Expression of PCNA was significantly decreased in the TPN group compared to the control group (p < 0.001). However, TPN treatment with GLP-2 significantly improved the expression of PCNA protein (p = 0.001, Figure 6 ). Intestinal cleaved caspase-3 expression was 11.6% lower in the TPN + GLP-2 group compared with the TPN group (p = 0.032). There was no increase in cleaved caspase-3 in the control group, and that cleaved caspase-3 levels were 14.2% higher in the TPN group (p = 0.007, Figure 7 ). It is known that GRP78 plays an important role in protecting cells from oxidative injury [31] . Therefore, an assessment of inteasinalintestinal GPR78 protein was conducted. A significantly lower level of GRP78 was observed in the TPN group when compared to the control group (p = 0.006). Compared to TPN group, there were higher levels of GRP78 in the TPN + GLP-2 group (p = 0.001), but no difference compared to the control group (p = 0.086, Figure 8 ). 
mRNA Expression of PCNA, GRP78
PCNA mRNA expression was significantly lower in the TPN group compared with the control group (p < 0.001), and this expression returned to nearly control levels in the TPN + GLP-2 group (p < 0.001 vs. TPN and p = 0.367 vs. control, Figure 9A ). There was lower expression of GRP78 in the TPN group versus the control group (p = 0.006); however, levels in the TPN + GLP-2 group were not significantly different from those of the control group (p = 0.04 vs. TPN and p = 0.381 vs. control, Figure 9B ). 
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Discussion
In our study, TPN administration led to significant alterations in intestinal morphology, including decreased villus length, crypt depth, and microvillus length compared to a control group, whereas GLP-2 supplementation significantly reduced these alterations associated with TPN. Notably, GLP-2 supplementation in the present TPN model significantly prevented TPN-associated intestinal atrophy through stimulating intestinal epithelial cell proliferation and inhibiting apoptosis. 
In our study, TPN administration led to significant alterations in intestinal morphology, including decreased villus length, crypt depth, and microvillus length compared to a control group, whereas GLP-2 supplementation significantly reduced these alterations associated with TPN. Notably, GLP-2 supplementation in the present TPN model significantly prevented TPN-associated intestinal atrophy through stimulating intestinal epithelial cell proliferation and inhibiting apoptosis. Another novel finding is that GLP-2 may promote epithelial cellular antioxidant capacity by upregulating GRP78 protein.
TPN administration is associated with many complications, including an increased risk of infection, loss of immune reactivity and epithelial barrier dysfunction, which are most likely due to intestinal mucosal atrophy [10] . It is well known that major contributing factors of TPN-associated intestinal mucosal atrophy are the reduced intestinal epithelial cell proliferation and increased apoptosis, embodied by a decline in the size of crypt/villus, which ultimately leads to a reduction in intestinal length [34] [35] [36] . Indeed, our study also strongly supports the hypothesis that TPN administration leads to a significant alteration in intestinal atrophy.
GLP-2 is one of the most important intestinotrophic hormones secreted by intestinal enteroendocrine L cells [13] . The precise biological role of GLP-2 has not been fully understood since it was discovered in 1996 [37] , however, it is well known that GLP-2 is an important regulator of intestinal mucosa by stimulating epithelial growth [38] . Benjamin et al. first showed that GLP-2 and its analogue (h(Gly2)GLP-2) would improve the intestinal epithelial morphological changes in normal mice [39] . Therefore, one goal of our study was to investigate whether GLP-2 supplementation could have similar benefits in preventing TPN-associated atrophy. Indeed, in this present study, GLP-2-supplemented mice had longer small intestines, villi, and crypts compared to mice administered TPN alone. In addition, our electron microscopy studies demonstrated that the growth-enhancing properties of GLP-2 also applied to the intestinal epithelial microvilli in our mouse TPN model. Analogously, a study reported that GLP-2 revealed normal mucosa thickness and villus height of small intestine, whereas non-treated group maintained on TPN displaied villus shortening and thinning of mucosa [40] . In 2000, Burrin et al. found that GLP-2 increases intestinal growth in premature TPN-fed pigs [41] . Additionally, Martin and his colleagues also demonstrated that TPN plus GLP-2 treatment resulted in increased villus height, crypt cell proliferation, and intestinal mucosal surface area compared with the TPN alone rats [42] . Previous studies have shown that mechanisms of these positive morphological changes may account for the protective roles of GLP-2, such as stimulating crypt growth, inhibiting enterocyte apoptosis, and increasing absorption of nutrients [43, 44] . Drucker et al. also demonstrated that GLP-2 administration increases small intestinal weight and villus growth by inducing a higher rate of proliferation in crypt cells [45] . In agreement with these results, the expression of PCNA protein, as well as its mRNA, was upregulated in the GLP-2-supplemented mice in the present study. This indicated that GLP-2 could reactivate enterocyte proliferation that has been negatively influenced by TPN. Additionally, Burrin et al. demonstrated that GLP-2 administration not only accelerated epithelial cell proliferation, but also reduced apoptosis markers in these enterocytes [46] . Here, we found that GLP-2 supplementation also reversed the increase in expression of cleaved caspased-3, suggesting that GLP-2 greatly suppresses apoptosis promoted by TPN. The effects of GLP-2-mediated suppression of apoptosis may be due to its trophic action [41] . Inhibition of apoptosis could reduce the breakdown of intestinal integrity, that is, that the intestine retains its integrity. In short, it is conceivable that the mechanism by which GLP-2 reduces intestinal mucosal atrophy may be due to regulation of enterocyte proliferation and apoptosis in a mouse model of TPN. Similarly, Chen et al. found that GLP-2 protects the intestinal barrier through epithelial cell proliferation and inhibition of apoptosis in rats with severe acute pancreatitis [47] . In our study, we found that GLP-2-supplemented mice had greater body weight than the mice administered TPN alone, especially at the sixth and seventh day, the difference was statistically significant. Previous animal studies had shown that GLP-2 or human analogue h(Gly 2 )GLP-2 significantly increased body weigth, weight of intestine or mucosal scraping [39, 42] . In addition, because GLP-2 is an intestinal growth-promoting factor [13] , so we consider that the increased body weigth in GLP-2-supplemented mice may was associated with the specific characteristics of GLP-2 on preventing intestinal atrophy. However, we need to acknowledge a limitation of our study is that we did not directly test the wet weight of intestine.
TPN administration can also cause a reactive oxygen species to be produced, and these peroxide contaminations could induce oxidative stress, leading to cell death [48, 49] . Wesley et al. [50] found that free radicals were increased in neonates receiving TPN administration. In animal experiments, Eizaguirre et al. showed that TPN reduced tissue antioxidant capacity, which manifested in lower GSH levels [24] . GSH is a non-protein antioxidant and plays an important role in the protection against oxidative stress [51] . Similarly, T-SOD, one of the most extensively investigated enzymes, determines intracellular antioxidant capacity and plays a critical protective role in oxidative damage [52] . This study also provides evidence that TPN decreases antioxidant defense, and we found that GLP-2 treatment led to a significant increase in T-SOD activity and GSH level, which were otherwise downregulated in the TPN-fed mice. This result suggested that GLP-2 plays a crucial role in enhancing antioxidant capacity. GRP78 is an important molecular chaperone in the unfolded protein response, and overexpression of GRP78 has a marked effect in protecting cells from oxidative damage [53] . In the present study, it appears that GLP-2 supplementation affected intestinal GRP78 expression in the TPN-fed mice, as manifested by upregulation of GRP78 protein and mRNA expression. It should be noted that the effect of promoting antioxidant capacity of GLP-2 might be associated with the increased GRP78 expression. However, there are other factors involved in GRP78 expression in intestinal tissue, and further studies are needed to understand the mechanisms involved and the direct relationship between GRP78 and antioxidant capacity. Notably, overexpressed GRP78 was also associated with improved cell proliferation and reduced apoptosis [54] . We suspected that GLP-2 supplementation might promote GRP78 expression, which would lead to reduced enterocyte apoptosis. This suggests that overexpressed GRP78 may prevent intestinal mucosal atrophy. However, the mechanisms involved require further investigation.
Conclusions
In conclusion, the present study demonstrates that exogenous GLP-2 supplementation in mice receiving TPN partially prevented the TPN-associated intestinal mucus atrophy, and that GLP-2 stimulation of intestinal epithelial cell proliferation and suppression of apoptosis may be among the mechanisms involved. In addition, we found that GLP-2 treatment enhanced intestinal antioxidant capacity during TPN administration. GLP-2 plays an important intermediary role in increasing antioxidant capacity, and its mechanism may involve the overexpression of GRP78, although this requires further study. This study shows that the use of GLP-2 may be beneficial in preventing the development of clinical TPN-associated intestinal atrophy and oxidative damage.
